In the seedcoats of developing pea seeds, the maximal activities of asparaginase (EC 3.5.1.1) and aspartate: a-ketoglutarate aminotransferase (EC 2.6.1.1) are attained early in development, before the embryo has expanded to fill the embryo sac. These two enzyme activities could account for the early absence of asparagine and aspartate from the fluid secreted by the seedcoats into the embryo sac.
(EC 6.3.1.2), and glutamate synthase (EC 1.4.1.13) have also been measured, in cotyledons as well as seedcoats. On a fresh weight basis, the highest activities of asparaginase and both aminotransferases developed in the seedcoats, whereas the highest activities of the remaining enzymes developed in the cotyledons.
The data indicate that the amide groups of imported asparagine and glutamine are metabolized differently, largely by asparaginase and glutamate synthase, respectively. The NH4' released by the action of asparaginase is evidently reassimilated in cotyledon cells by the joint action of glutamate dehydrogenase, glutamine synthetase, and glutamate synthase. The data emphasize the central importance of a-ketoglutarate-glutamate cycling in the redistribution of amino groups associated with the net synthesis of amino acids and reserve proteins.
PLANT MATERIAL AND PREPARATION OF EXTRACTS
Plants of tall (cv. Telephone) and dwarf (cv. Melbourne Market) varieties of garden pea, P. sativum L., were grown, respectively, in the open garden or in pots of garden soil. Flowers were tagged at full blossom and pods then were removed at intervals throughout development, which occurred in spring (October, November) for cv. Melbourne Market and from November to mid-December (1979) for cv. Telephone.
The procedures for extraction of separated seedcoat and cotyledon samples were as described (17, 18) , with the sample size increased to four or five seeds. The extraction medium consisted of 25 mm K+-phosphate (pH 7.5), 0.5 mm 2-mercaptoethanol and 0.03% (v/v) Triton X-100. After centrifugation (17) , duplicate aliquots were removed for treatment with ethanol, for the determination of protein content (ethanol-insoluble) and a-amino group content (ethanol-soluble) as previously described (16, 17) .
Measured portions of each clarified extract (1.0-1.5 ml) were passed through columns of Sephadex G-25 (0.9 x 25 cm) equilibrated with extraction medium to obtain enzyme solutions free of NH4, and amino acids. Complete removal of ethanol-soluble, ninhydrin-positive metabolites from the excluded fractions was confirmed by analysis (17) .
A number of recent studies have attempted to elucidate the nutritive and regulatory influences that the living seedcoats exert upon the embryo during its development (4, (17) (18) (19) . Lacking the phenolic compounds that hinder the extraction of proteins from the seedcoats of many other species, developing pea seeds (Pisum sativum L.) offer an ideal system in which to study changes in the activities of enzymes that may be involved directly in the metabolism of seedcoat tissues and, thus, in the regulation of substrate availability to the embryo. This paper reports the results of an investigation of the changing distribution of activities of key enzymes of N metabolism between seedcoats and embryo during the course of pea seed development. ' 
RESULTS

Parameters of Growth and Development. The changes in fresh
weight, dry matter, protein, and soluble amino N contents that occurred during seed development are shown for the seedcoats and a single cotyledon for each cultivar (Figs. I and 2). The more rapid development of the seeds of cv. Telephone (Fig. 2 ) was the result of hot weather (many days with maxima above 30 C) and longer day lengths.
In both instances (Figs. I and 2), the early maximal content of free amino acids in the seedcoats was similar in magnitude to that observed previously for cv. Telephone (17) . The maximal amino Ex ). On a fresh-weight basis, these were lower than the seedcoat maxima (Table 1) . Aspartate:OG aminotransferase activities of the seedcoats were also maximal at the earliest stages assayed (Figs. 5 and 6) and had declined substantially by 27 days (Fig. 5 ) and 22 days (Fig. 6 ) when the alanine:OG aminotransferase activities were maximal. In the cotyledons, the alanine aminotransferase activity increased to a maximum very early, then fluctuated close to this value throughout development (Figs. 5 and 6 ). These maxima were similar for both cultivars. In contrast, there was a striking difference in the value of the maximal activity of aspartate aminotransferase in the cotyledons of each cultivar, and also in the time of attainment of maximal activity (Figs. 5 and 6 ). Despite these differences, the maximal activities of both aminotransferases in the seedcoats clearly exceeded those of the cotyledons on a fresh weight basis (Table I ).
In cv. Melbourne Market, GOGAT activity increased in the seedcoats to a maximum at 22 days (Fig. 5) . In cv. Telephone, the (Fig. 6) . GOGAT activity of the cotyledons approached a maximum that was in one instance coincident with the maximal asparaginase activity (cv. Telephone, Fig. 6 ), but at a later stage in the other (cv. Melbourne Market, Fig. 5 ). On a fresh weight basis, the maximum GOGAT activity of the cotyledons was about double the maximal activity of the seedcoats (Table I) .
DISCUSSION
Transmission of Soluble Nitrogenous Compounds by the Seedcoats. In the earliest stages of postfertilization development, the integuments of the ovule release a nutrient-rich fluid that fills the embryo sac and bathes the expanding embryo asymmetrically (18) . A clear distinction may be drawn between this liquid, originating from the integuments, and the endosperm, which is transient and never becomes fully cellular (17, 18) . This fluid diminishes in volume as the embryo expands but persists as a sticky coating around the embryo throughout seed development.
One remarkable and puzzling feature of this seedcoat secretion is the very high concentration of ammonia that may be present initially: maximum levels of 100 mm have been reported for kidney bean (24) , 70 mm for lupin (1) , and 40 to 120 mm according to variety for pea (17, 18 The present investigation has provided information that perhaps answers the first and third questions. The early maximal activities of asparaginase and aspartate aminotransferase in the seedcoats (Figs. 5 and 6 ) indicate the mechanism for the selective utilization of aspartate and asparagine from incoming phloem sap (12) , to the extent that these two amino acids are very minor constituents of embryo sac liquid (6) . The specific activity of asparaginase in seedcoat tissues (Table I) is comparable to the maximum of 0.08 units/g fresh weight measured for lupin cotyledons by Atkins et al. (1) . The action of asparaginase yields NH4' and aspartate, which together with imported aspartate could provide the C4 unit for export as a number of C4-dicarboxylic acids (24) . The maximal activities of both aspartate and alanine aminotransferases in seedcoat cells (Table I) are the highest of any tissue of the pea plant (8, 27) .
A scheme summarizing the involvement of these key enzymes of amino and amide group transfer in the metabolism of young seedcoats is presented in Figure 7 . At this stage, the seedcoats have their maximal content of free amino acids (Figs. I and 2 ), and they are net exporters of homoserine, glutamine, alanine, and certain other amino acids (6), citric acid and C4-dicarboxylic acids (24) , and NH4' (17, 18) .
Accumulation of Nitrogenous Reserves in the Cotyledons. Although asparagine is initially lacking in the assortment of amino acids available for uptake by the embryo (6) , it has been shown that, as sole source of N, asparagine is able to support limited growth of pea cotyledons cultured in vitro (14) . The increasing and persistent asparaginase activities of the cotyledons (Figs. 5 and 6) provide evidence of their capacity to utilize this source of amide N in vivo. Asparagine is probably increasingly available from the seedcoat secretion as its concentration increases in the seedcoats (6) and as the asparaginase activity of the seedcoats declines (Figs. 5 and 6). The same is true of aspartate (6) , which correlates well with declining aspartate aminotransferase activity of the seedcoats (Figs. 5 and 6 ). We have proposed that GS, GOGAT, and GDH act together to reassimilate endogenous NH4' derived from the amide group of asparagine (Fig. 8) . Although the action of GDH to form glutamate in plant cells has been discounted recently by some authors (13) , the development of GDH activities in cotyledon cells is itself evidence of some function, and amination is the thermodynamically favored direction at physiological pH (5, 25, 28 assimilating NH4' in a number of microorganisms (e.g. ref.
3).
Evidence for the cooperation of GDH and GS in the assimilation of NH4' has been obtained with labeling studies for the chloroplasts of the siphonous green alga Caulerpa simpliciuscula (7) and for nodule tissues for several legumes (9-1 1). GDH, because of its high Km for NH4+ (5, 25, 28) , could effectively counter a build-up of endogenous NH4' through its direct Michaelis rate response in circumstances where GS might be unable to cope with NH4' flux.
The location of GS in chloroplasts from leaves of this species has been established (20, 21) . Although we have indicated a possible contribution of GS to the net export of glutamine by the seedcoats (Fig. 7) , the GS activities of the seedcoats may well be confined to the chloroplasts in outer cell layers and take no direct part in the net export of glutamine from the innermost parenchyma cells (Fig. 7) . In comparison, the GS activities of the cotyledons become greater than those of the seedcoats (Table I) and, since the maximum GS activities occur after the chloroplasts of the hypodermal cells have begun to dissociate, other locations for GS are indicated in the storage cells of the cotyledons.
Further elaboration of the schemes depicted in Figure 7 and 8 may be expected as studies of the compartmentation of enzymes and of their potential substrates are undertaken. The mitochondrion may be expected to feature prominently as a location for some of the enzyme whose total activities were monitored in this study (5, 8, 13, 15) .
